Hysteresis phenomena were demonstrated in the excitability of single, enzymatically dissociated guinea pig ventricular myocytes. Membrane potentials were recorded with patch pipettes in the whole-cell current-clamp configuration. Repetitive stimulation with depolarizing current pulses of constant cycle length and duration but varying strength led to predictable excitation (1:1) and nonexcitation (1: 0) patterns depending on current strength. However, transition between patterns depended on the direction of current strength change, and stable hysteresis loops were obtained in stimulus-response pattern versus current strength plots in 31 cells. Increase of pulse duration and decrease of stimulation rate contributed to a reduction in hysteresis loop areas. In addition, at the abrupt transitions from 1:0 to 1:1 patterns, a latency adaptation phenomenon was consistently observed. Bath application of tetrodotoxin (30 ,M) produced no change of hysteresis, whereas hysteresis was substantially decreased in cobalt (2 mM) superfusion experiments. Analysis of the changes in amplitude and shape of the subthreshold responses during the transitions from one stable pattern to the other suggested that activity led to an increase in membrane resistance, particularly in the voltage domain between resting and threshold potentials. We therefore modeled the dynamic behavior of the single cells, using an analytical solution aimed at calculating the recovery of activation latency as a function of diastolic membrane resistance. Numerical iteration of the analytical model equations closely reproduced the experimental hysteresis loops in both qualitative and quantitative ways. The effect of stimulation frequency on the model was similar to the experimental findings. The overall study suggests that the excitability pattern of guinea pig ventricular myocytes is responsible for hysteresis and bistabilities when current intensity is allowed to fluctuate around threshold levels. (Circulation Research 1991;69:1301- 
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Hysteresis phenomena were demonstrated in the excitability of single, enzymatically dissociated guinea pig ventricular myocytes. Membrane potentials were recorded with patch pipettes in the whole-cell current-clamp configuration. Repetitive stimulation with depolarizing current pulses of constant cycle length and duration but varying strength led to predictable excitation (1:1) and nonexcitation (1: 0) patterns depending on current strength. However, transition between patterns depended on the direction of current strength change, and stable hysteresis loops were obtained in stimulus-response pattern versus current strength plots in 31 cells. Increase of pulse duration and decrease of stimulation rate contributed to a reduction in hysteresis loop areas. In addition, at the abrupt transitions from 1:0 to 1:1 patterns, a latency adaptation phenomenon was consistently observed. Bath application of tetrodotoxin (30 ,M) produced no change of hysteresis, whereas hysteresis was substantially decreased in cobalt (2 mM) superfusion experiments. Analysis of the changes in amplitude and shape of the subthreshold responses during the transitions from one stable pattern to the other suggested that activity led to an increase in membrane resistance, particularly in the voltage domain between resting and threshold potentials. We therefore modeled the dynamic behavior of the single cells, using an analytical solution aimed at calculating the recovery of activation latency as a function of diastolic membrane resistance. Numerical iteration of the analytical model equations closely reproduced the experimental hysteresis loops in both qualitative and quantitative ways. The effect of stimulation frequency on the model was similar to the experimental findings. The overall study suggests that the excitability pattern of guinea pig ventricular myocytes is responsible for hysteresis and bistabilities when current intensity is allowed to fluctuate around threshold levels. ( Indeed, the first demonstration of hysteresis in cardiac excitability was achieved in the frog heart by Mines5 in 1913, even though no mention of the hysteresis term was made in his report. In a series of experiments, Mines observed that frog ventricles can show two possible equilibria, a 1: 1 and a 2: 1 pattern, over a large range of stimulation frequencies. This observation can be considered as a hysteresis phenomenon that depends on the stimulation rate and illustrates the way in which the previous history of the tissue may influence its immediate behavior. More recently, latency adaptation phenomenon and excitability hysteresis were observed in experimental studies by Cukierman and Paes de Carvalho,6 who demonstrated hysteresis between response and nonresponse patterns to various external stimuli in partially depolarized preparations of rabbit left atrial trabeculae. In this case, the main feature was that the hysteresis phenomenon depended on changes in current intensity. More recently, Landau et a17 have demonstrated the presence of hysteresis zones at transitions between different entrainment patterns in a generic model comprising pacemaker and nonpace-maker cells coupled by ohmic resistances. The system's behavior was classified by using the response of the nonpacemaker cell to the activity of the pacemaker cell as a function of coupling resistance variations. Because the model used in that study is relevant to cardiac electrophysiological processes, these findings make likely the presence of bistabilities and hysteresis in normally polarized excitable cardiac cells.
In the present study, we describe the behavior of excitable cardiac cells, when stimulation strength is allowed to fluctuate around threshold levels. Accordingly, we have tested the assumption that hysteresis phenomena may exist in normally polarized cardiac cells, independently of cellular interaction. To this aim, we evaluated the behavior of isolated guinea pig ventricular myocytes in response to various external stimulation algorithms. Our results clearly demonstrate the existence of hysteresis in these cells and show the sensitivity of this phenomenon to alterations in stimulation parameters and its possible dependency on the membrane calcium channel function. Furthermore, hysteresis loops were accurately simulated by means of a simplified ionic analytical model,8 based on the activity-induced changes in the background conductance of the ventricular myocyte.9
Materials and Methods Experimental Studies
Cell dissociation and recording procedures. Single guinea pig ventricular myocytes were dissociated using the method of Isenberg and Klochner.10 Details of the dissociation procedure are given in a previous publication from our laboratory.11 Millimolar composition of the Tyrode's solution was NaCl 150, KCl 5.4 , CaCI2 1.8, MgCl2 1.0, NaHCO3 5.8, NaH2PO4 0.4, glucose 5.5, and HEPES 5.0, pH 7.4. For cobaltcontaining Tyrode's solution, NaH2PO4 was reduced to 0.3 mM and no NaHCO3 was added to avoid precipitation.
Healthy isolated ventricular myocytes, which were identified by their rodlike, striated appearance, were used for these experiments. Recordings were obtained using suction pipettes (whole-cell patch-clamp configuration12) filled with an internal pipette solution containing (mM) KCl 150, MgC12 1.0, EGTA 5, HEPES 5, P-OH-butyric acid 2.0, ATP (disodium salt) 5 Experimental protocols. After access was gained to the intracellular space, the cell activation threshold was determined through the application of repetitive current pulses of progressively greater amplitude (1-pA steps or larger). Various pulse durations and stimulation frequencies were used, but current intensity was the only input parameter used in the search for hysteresis. Each test pulse was maintained at a constant amplitude for at least 10 beats to ensure that the membrane potential response was reproducible and stable. However, in those cases in which the voltage responses varied from beat to beat (e.g., at critical threshold amplitudes), the same current strength was maintained until the responses achieved a steady state. After a stable 1:1 excitation pattern with a constant stimulus-response delay (within ±5 msec) was obtained, the amplitude of the current pulse was decreased in very small steps, until a stable 1: 0 pattern was achieved and the electrotonic potential amplitude was constant (within ±2 mV). The criteria for hysteresis were the reproducibility of circulation loops and the stability of the observed patterns. Accordingly, several sweeps through the transitional pattern zones were completed.
In a subsequent set of experiments, we studied the effect of inward current blockade on the hysteresis phenomena. After the presence of hysteresis in a given myocyte was verified (baseline measurements performed while cells were superfused with normal HEPES-Tyrode), one of two protocols were undertaken. In the first protocol, tetrodotoxin (TTX, Sigma Chemical Co., St. Louis, Mo., 30 gM) was superfused by dissolving it directly in the HEPES-Tyrode solution. In the second protocol, cobalt (CoC12, 2 mM, Sigma) was used by dissolving it in deionized water and then adding it to the HEPES-Tyrode solution. In all cases, the same procedure as that described above was used to determine the effects of each perturbation on hysteresis.
Statistical analysis. Statistical analysis was carried out using the INSTAT software package (Inset Systems, San Diego, Calif.). The significance of changes resulting from pharmacological interventions was tested using one-way analysis of variance. A onesample t test was used to evaluate the statistical significance of the changes induced by TTX and cobalt. Differences with a two-tailed value ofp<0.05 were regarded as significant. Averaged importance in determining membrane excitability between the range of -85 and -60 mV: the timedependent "delayed rectifier" potassium outward current, iK, and the "inward rectifier" potassium outward current, iKl. 2) Deactivation of iK starts when the cell repolarizes to -30 mV after an action potential has been initiated. Thus, because the time of recovery of excitability is directly related to the time of recovery from iK deactivation, we assumed that recovery began at t=0, which corresponded to the time of repolarization to -30 mV after an action potential.
3) The time constant of iK deactivation (TK) is long relative to the time constant of the membrane, Tm(V,t)=CmRm(V,t), where Cm is the cell membrane capacitance, and Rm(V,t) is the total membrane resistance. This assumption, known as the "quasi-steady-state hypothesis,"8 allows one to solve for the current distribution in a resistive-capacitive circuit representing the excitable membrane (see Appendix). 4 (1) where I is the current injected through the suction pipette. All those terms have been measured in previous experiments." The extent to which the variables RK, and J can be affected by activity is established by two coefficients, defined as a and /3 in the equations (see Appendix). Moreover, a coefficient 8 allowed us to alter RKl and J in an independent manner. These coefficients were adjusted empirically to simulate the time course of the change in background current described in Delmar et al. 9 The objective in the model is to determine the activation latency (stimulus-response delay) after each stimulus for one given basic cycle length (BCL) while current intensity is changed in very small steps. From the tF value thus obtained, success or failure of activation is established arbitrarily as follows: All beats whose tF values exceed 40 msec are considered as dropped beats; that is, we simulate the condition in which a 40-msec pulse duration is used. In addition, we consider the time tL30 as the time between the action potential upstroke and the instant the membrane repolarizes to -30 mV. Depending on the BCL, t 30 is fixed arbitrarily to the following values: BCL=400-600 msec, tL30=280 msec; BCL=800 msec, tL30=290 msec; BCL=1,000 msec, tL30=300 msec; BCL=2,000 msec, tL30=330 msec; BCL=3,000 msec, tL30=370 msec; BCL=5,000 msec, tL30=390 msec; BCL=6,000 msec, t-30=400 msec. These values are based on those found in guinea pig ventricular myocytes8s1 and are proportional to what has been reported for canine cardiac myocytes.15 Finally, the time elapsed between the onset of the current pulse and the subsequent upstroke, or activation latency (tu), is computed from tF by using the following linear regression equation:
(2) which was previously obtained in a fully excitable guinea pig ventricular myocyte. 8 As a result, the recovery time (t)n after the (n-1)th action potential, between repolarization to -30 mV and onset of the next current pulse, is (t)n=BCL-(tu)n-1L-t30 (3) This recovery time will determine the latency (tu). for the subsequent nth beat, because, as shown in the Appendix, this latency depends on the potassium kinetics and corresponding membrane resistance changes during the diastolic interval. Substituting (tu)n for (tu),1, in Equation 2 gives the recovery time for the (n+l)th beat (t)n+1, and thus (tU)n+, can be predicted, and so forth. If a dropped beat occurs, this allows for prolongation of the recovery time one full cycle and thus (4) where (tu), l is the latency of the last successful beat.
Hence, the iteration procedure can take into account every dropped beat occurring during the simulation process and allows us to explore the dynamic behavior of the system when current intensity varies around threshold levels.
The theoretical stimulation paradigm is quite similar to the experimental one. Starting from a 1:1 stimulus-response pattern, the range of current threshold is scanned back and forth (only once) by small steps of 0.1 or 10 pA depending on the protocol used. Unless otherwise indicated, each step comprises 50 successive stimuli, and stimulus-response ratios are measured over the cycles of the corresponding step. In level, the current was increased to a maximum of approximately 1: 1 * HTh. Repetitive driving was maintained at this step for 15 seconds. Then, current strength was decreased at the same rate as during the increasing phase (see "Materials and Methods") until the stimulus-response ratio was 1:0. This transition point (or phase transition point) was designated as the LTh for the single cell. The current decrease was continued until approximately 0.8* LTh. This current strength was maintained during 15 seconds before the same procedure was repeated to confirm the reproducibility of the observed phenomena. It is clear from Figure 1 that two different states may be observed depending on initial conditions. Only stable and reproducible patterns were taken into account, and the stability of overlapping states was checked by lengthening the observation time to 15 seconds, which brought about either 1:1 or 1:0 depending on past history. Small changes in the absolute value of H1Th or LTh sometimes were observed when the hysteresis loops were repeated. Those changes could be explained by minor changes in the input resistance of the myocytes16 and always were smaller than the total magnitude of the hysteresis loop. In the 31 experiments analyzed, the average HTh and LTh values were 739.3±63.6 and 694.4+59.35 pA, respectively. The average decrease in HTh caused by repetitive stimulation (i.e., ATh, calculated as [(H1Th-LTh)/H1Th]* 100) was 6.4±0.62%.
The stimulation frequency played an important role in the demonstration of the phenomenon. Indeed, we observed that in five experiments in which a long cycle length (3 seconds) was used, hysteresis was not found. In contrast, at a cycle length of 1 second, hysteresis was observed consistently.
Adaptation and relaxation of membrane responses during phase transitions. At phase transitions, from 1:0 to 1: 1 (labeled b in Figure 1 ) and from 1: 1 to 1:0 (labeled a in Figure 1 ), an adaptation phenomenon was observed consistently in the myocytes, as depicted in Figure 2 . Panels A and B of Figure 2 show superimposed intracellular recordings (top traces) and the corresponding current pulse (bottom traces). Because of the high voltage gain used during recording, the upper part of the action potential upstroke was off-scale. The superimposed traces in panel A were recorded while the current amplitude was increased gradually from 730 to 740 pA (HTh point) and show the transition from 1:0 to a stable 1:1 pattern, while current strength remained unchanged at 740 pA. Suprathreshold responses were not immediately elicited. Instead, the first two cell responses were just subthreshold (traces labeled 1 and 2), reaching a maximum amplitude of 27.5 and 30.5 mV, respectively, from the resting level. In spite of the fact that all the successive current pulses were of exactly the same amplitude, they induced action potentials whose stimulus-response latency (measured from the onset of the current pulse to the action potential upstroke 60 mV above the resting level) was abbreviated in a beat-to-beat manner (latency adaptation). Indeed, the first successful ac- Figure  1 . In fact, LTh was never greater than HTh.
Membrane channel blockers. Additional experiments were carried out as a first approach to the study of the role of specific membrane ionic currents in the mechanism of hysteresis in isolated guinea pig ventricular myocytes. Figure 3 The control groups for the TTFX and cobalt experiments are subsets of the overall control group of 31 experiments. No significant difference was measured between the three control groups (i.e., overall control group, TTX control group, and cobalt control group).
Because latency adaptation phenomena seem to be intimately linked to hysteresis,6 it was of interest to determine the effects of ionic channel blockers on these specific transitional patterns. Figure 4 shows the results obtained from two different ventricular myocytes. In all panels, the top traces are membrane potential recordings, and the bottom traces are the current monitor. Also, in all cases, the amplitude of the current input remained constant during the transitional state. The signals have been superimposed to illustrate the beat-to-beat changes either in activation delay (i.e., during the transition from 1:0 to 1: 1; top panels in A, B, C, and D) or in the amplitude of the subthreshold response (during the transition from 1:1 to 1:0; bottom panels in A, B, C, and D). Panels A and C were recorded during continuous superfusion of HEPES-Tyrode solution and panels B and D during exposure to TTX (30 ,uM) or CoCl2 (2 mM) solution, respectively. Under control conditions, during the transition from the quiescent to the active state (top panel in A), the activation delay abbreviated progressively even though current amplitude (0.65 nA) remained unchanged. In the transition from 1:1 to 1:0 (bottom panel in A), also at constant current amplitude (0.50 nA), the first three pulses elicited action potentials, but activation failed for the fourth. After this, the Our results seem to suggest that Na+ currents probably are not directly involved in the determination of hysteresis. In occur and, in particular, to determine the latency after a previous successful response for a given diastolic interval. To this aim, tF values (time elapsed from current pulse onset to moment at which Vm=Vth) were calculated and plotted as a function of the recovery time (t)n for different current intensities as shown in Figure 6 . The 12 individual curves correspond to current values ranging from 540 to 680 pA. As expected, the higher the current value, the shorter the time, tF, for threshold to be reached. In addition, all the curves are biphasic, and each presents a minimum at approximately (t)n=350 msec. The horizontal line tF=40 msec designates the cutoff limit above which stimulus is considered ineffective. As a result, within a relatively narrow range around (t)n=350 msec, current requirements are relatively low if the previous stimulus is successful. For example, in the particular case of a constant current pulse of 560 pA, at (t)n=350 msec, the pulse is still effective because this parameter value is less than 40 msec. Hence, this range of recovery time values may be considered as a "supernormal" phase of latency. If the previous stimulus fails, recovery time becomes (t)n+BCL, and current requirements increase as
shown by the family of curves displayed in Figure 6 . Those requirements increase further if m successive dropped beats occur; in this case, recovery time lengthens to (t)n+m * BCL and moves to the right on the graph in Figure 6 . Thus, after a prolonged quiescent state, the current intensity required to stimulate is significantly higher than in a stable effective driving state. In contrast, as soon as a given stimulus is strong enough to activate the model cell effectively, current requirements become suddenly lower, because the recovery time (t). decreases to the value expressed in Equation 3 . In summary, the curve patterns displayed in Figure 6 contribute to explain bistabilities and hysteresis phenomena in the cardiac cell.
Hysteresis loops. By using the repetitive stimulation protocol described above, we could obtain hysteresis loops in the analytical model. Figure 7 illustrates various kinds of hysteresis loops obtained at various BCLs. Results are plotted in terms of the m: n ratio (where m is number of responses, and n is number of stimuli) as a function of the current intensity. In all panels, the continuous line refers to the initial phase of decreasing current intensity (steps of current were 10 pA), whereas the dashed line corresponds to the steps of increasing current. As expected from the recovery curves in Figure 6 , the largest loop is observed at relatively short BCLs (e.g., 600 Figure 6 . Clearly, when the recovery time (t)n (i.e., BCL to the simulation protocols used in Figure 7 . In all panels, the horizontal dashed line designates the limit value for the latency above which no response after a given stimulus is expected. Because Figure 7 : the longer the BCL, the smaller the hysteresis loop of latency. As in Figure 7 , 
Discussion Experimental Results
Hysteresis in the single myocyte. The present study demonstrates that hysteresis is a normal property associated with the excitability of isolated guinea pig ventricular myocytes. More than 70 years ago, Mines5 noted that over a large range of excitation frequencies, the frog ventricle exhibits two possible stable states, a 1:1 and a 2: 1 pattern. These states were considered metastable because transitions from one to the other could be brought about by some brief perturbations in electrical driving: application of a properly timed extra stimulus for the transition from The major goal of this study was to demonstrate hysteresis through slight current intensity changes, by setting a given stimulation frequency at the beginning of each run and then maintaining that frequency over the entire period of behavior assessment. In addition, evidence was sought for bistabilities or metastabilities between 1:1 and 1:0 patterns. Because propagation inhomogeneities and electrotonic interactions are ruled out as possible causes of hysteresis in the present experiments, the findings prove that hysteresis does exist in the excitability of normally polarized guinea pig ventricular myocytes.
The observed influence of frequency on the presence and degree of hysteresis is similar to that reported by Cukierman and Paes de Carvalho.6 Indeed, the higher the stimulation frequency, the larger the hysteresis. Hence, a long BCL can be considered a factor contributing to reduction of the size of bistability zones. Yet, it must be pointed out that we only explored a limited range of BCLs (between 1,000 and 3,000 msec).
Hysteresis and the recovery of excitability curve. The events occurring in the transition from 1: 1 to 1: 0 cannot be explained merely by the restitution of action potential duration or by a monotonic recovery of latency curve. Indeed, the first action potential that is triggered has the longest recovery time (see Figure 2A ), yet that action potential shows the longest activation latency. The second action potential, on the other hand, has its latency significantly abbreviated, in spite of the fact that the recovery time is suddenly abbreviated because of the repetitive stimulation. This apparently "paradoxical" change in latency has been described previously in multicellular guinea pig ventricular muscle preparations and has been considered to be associated to a nonmonotonic recovery of excitability during the diastolic interval.14 Cellular bases for hysteresis. In this paper, we conclusively demonstrate that hysteresis of excitability is a normal property of single guinea pig ventricular myocytes. Voltage-clamp data from our laboratory9 and experiments by others13"4'21'22 allow us to hypothesize as to the cellular mechanisms mediating hysteresis in the cardiac muscle.
We have consistently observed that the amplitude of the subthreshold response decays progressively after a dropped beat (see Figure 2B ). On the other hand, a progressively faster time course of subthreshold depolarization is observed during the transition from quiescence to activity (see Figure 2A ). These observations, as well as those of Davidenko et al,14 strongly suggest that activity leads to an increase in the input membrane resistance of the cell, particularly in the voltage range of the subthreshold response.
Our results also suggest that an adequate Ca2+ channel function is mandatory to evidence hysteresis (see Figures 3 and 4) . Indeed, even though CoCl2 also has a blocking effect on sodium currents,23 the experiments with YTX suggest that INa is not directly responsible for the presence of hysteresis. A detailed voltage-clamp analysis described elsewhere9 shows that activity-induced reduction in the background current, mediated by changes in intracellular calcium, may readily explain the ionic mechanism of hysteresis in the guinea pig myocyte.
Results obtained in whole-tissue preparations show that repetitive activity causes a depolarization of approximately 5 mV in the resting membrane potential.14 A much smaller depolarization (approx-imately 1 mV) occasionally is seen in the single myocyte, although in other instances, the resting membrane potential remains constant regardless of the stimulus-response pattern of the cell. Under voltage-clamp conditions, on the other hand, the zero current potential of the cell depolarizes approximately 1-2 mV when the cell is stimulated rapidly with a train of voltage-clamp pulses of constant amplitude.9 These observations are now incorporated into our analytical equations as beatto-beat changes in threshold potential (J). Yet, in the model, the magnitude of those changes can be independently controlled by using a coefficient factor a (see Appendix).
The Analytical Model
Rationale. Based on our experimental results (Figures 2 and 4 ; see also Reference 9), we hypothesized that changes in input membrane resistance elicited by repetitive stimulation should be manifest as changes in cell excitability during diastole and that those changes should be responsible for the development of hysteresis. We tested this possibility by using a modified version of a previously described analytical model8 aimed at calculating activation latency as a function of the changes in membrane resistance that occur during the diastolic period.
In the original version of the model,8 all changes in diastolic membrane resistance were attributed to the deactivation process of the delayed rectifier current, iK, whereas the chord resistance of the iKl channel was maintained at a constant value. In that version, the parameter values were based on experimental data that analyzed only the first 800 msec of diastole." As a result, a monotonic recovery curve was obtained, and a complete sequence of stable Wenckebach-like periodicities was generated.8 The experimental observations presented in this paper together with those of Davidenko et al14 expand our previous studies and show that latency is progressively increased as the diastolic interval is prolonged beyond 1 second. Accordingly, we have modified our analytical equations in such a way that solution of the model now yields a nonmonotonic recovery curve with a supernormal phase in the early diastole, which more accurately resembles the diastolic recovery of excitability of the ventricle,17 particularly for long (i.e., >1 second) intervals (see Figure 6 ). Furthermore, iteration of the model generates hysteresis loops similar to those obtained in the experimental setting, thus supporting the idea that hysteresis of excitability is a consequence of a nonmonotonic change in cell input resistance during diastole. The model also demonstrates that both Wenckebach phenomena and hysteresis can be present in the single myocyte, depending on the extent to which membrane resistance or threshold potential can be affected by activity. The Limitations of the model. We have considered the time t 30 as the time elapsed between the action potential upstroke and the moment at which the membrane repolarizes to Vm= -30 mV after an action potential, which corresponds to the beginning of iK deactivation, that is, t=0 for every diastolic interval.8 By setting t-30to an arbitrarily fixed value, we do not take into account the time-and rate-dependent changes induced by the action potential duration restitution when the cycle length of effective stimulation undergoes sudden changes.'5 This limitation might give rise to potential problems in analysis, particularly in the case of high stimulation rates as well as during continuous or sudden changes of basic stimulation cycle length. In our study, stimulation rates were rather low and fixed all along the simulation run according to a very simple stimulation paradigm, which suggests that the aforementioned limitation does not apply. However, the lack of action potential duration adaptation in the model should be a shortcoming if we want to analyze the exact timing of the transient beats occurring before a stable 1:1 is achieved.
The model assumes that, after an action potential, only the two potassium outward currents, the delayed rectifier (QK) and the inward rectifier (OK1), are operative in the voltage domain of the subthreshold response. This oversimplification is justified in view of the relatively unimportant role that other current systems may have in the control of cell excitability during diastole, particularly for very long coupling intervals. Indeed, a role for the sodium current seems very unlikely, as judged by its fast repriming kinetics.2425 Calcium currents clearly are involved (see Figures 4 and 5 ), but their role seems to be mediated through an increase of inward-going rectification of iK1,9 and in that regard, they were included in the global RK1 variable. The ionic membrane conductance associated with activation of the electrogenic Na-K pump or the Na-Ca exchanger are known to become apparent during rapid pacing, adding in parallel to the total conductance of the cell and thus decreasing input resistance13'26'27; in that regard, Na-Ca exchanger activation is included indirectly in the model as the time-dependent changes in the variable J. Our voltage-clamp experiments9 also show that the effect of the electrogenic transport systems may be overshadowed by the increased rectification of iK1 and that, in most instances, the net result is an increase of the membrane resistance with activity. Nevertheless, these electrogenic transport systems might play a modulatory role in cell excitability, in such a way as to oppose the dynamic changes that occur in ;K1 conductance. Thus, to limit the complexity of the model, rather than attempting to include very elaborate channel and active transport kinetics, we elected to consider the proposed effects of calcium currents and electrogenic transport systems analytically and to assign all characteristic changes in input resistance and resting membrane potential to the observable RK1 and J variables. These rate-and time-dependent kinetics were represented by a monoexponential function, although the magnitude of the changes in one variable or another could be controlled independently in the model (see Appendix).
The above limitations notwithstanding, our model reproduces the most important features of the experimental findings. The domain of bistabilities (which corresponds to ATh) represented a similar percentage of threshold levels in both experimental and theoretical settings. Furthermore, the influence of the stimulation rate on hysteresis loop size was well documented in modeling studies and approached closely the experimental observations. The fact that HTh was the same at different BCLs ( Figure 7 : HTh=632 pA) can be readily explained by the intrinsic properties of the model: when current intensity is increased in very small steps during the increasing phase of the stimulation protocol, the critical threshold pulse finds a cell that has been quiescent for a very long time; that is, the diastolic interval tends to be infinite whatever BCL value is set in the simulation run. In every case at this time, the cell holds the same excitability level, because the recovery of excitability is based only on the time dependency of iK and iK1 during the diastolic interval. However, we could not verify experimentally the consistency of HTh for different BCLs because of the relative long duration of the procedures. Following the same line of thought, it is not very surprising to find the same critical value for current strength (632 pA) in the display of Figure 8 , because the resulting stimulusresponse pattern is based on the computed latency value. This explains also why the maximum for the hysteresis loop size in the case of latency versus current strength curves is the same as the one found in graphs showing patterns as a function of current strength ( Figure 7) . Physiological Significance Hysteresis and bistabilities of excitation patterns can be considered as expressing some kind of cellular memory. At the present time, it is impossible to suggest any direct correlation between this type of memory and the memory effect observed in the restitution of the action potential duration.15 Much clearer is the importance of these phenomena in the underlying problem of current threshold definition when cell excitability is evaluated in experimental settings. Because the hysteresis of excitability may exist, one must consider the real possibility of two thresholds-a low threshold and a high threshold (LTh and HTh mentioned above) depending on the directionality of measurements, that is, depending on the immediate history of the cell. At this time, we can only speculate about the physiological significance of hysteresis. Indeed, hysteresis may be used by the heart to enhance stability against noise in the vicinity of threshold, while allowing cardiac cells to remain excitable at the lowest possible level of energy expenditure. Further studies are needed to describe the dynamic behavior of cardiac tissues when conditions of excitation are continuously changing. Assuming that Tm(V,t) is constant (according to the so-called quasi-steady-state hypothesis), the differential Equation A2 can be integrated to give: Vm(t) = (RmI + Vk)[ 1-exp(-t/Tm)] + Vm(O)exp(-t/Tm) (A3) Rm(t), the total membrane resistance, is determined by considering that only two channels are involved in the diastolic range of membrane potential, iK and iK1, and these two channels behave like resistors in parallel. Then, Rm(V,t) =[(RK1)(RK)]/(RK1 + RK) (A4) where RK1 is the chord resistance of the iK1 channel, and RK(V,t) is the resistance of the iK channel.
Because the deactivation of iK is a slow process that can be fitted by a single exponential,8 and assuming that membrane potential is constant throughout the entire diastolic interval, the value of RK can be expressed as RK(t)=RK(O)exp(t/TK)
where RK(O) is the value of RK at the onset of iK deactivation when t=O and TK is the time constant of iK deactivation.
The chord resistance RK1 is measured as previously reported,8 but based on experimental findings published in the accompanying paper,9 the new assumption is that RK1 is rate and time dependent and varies between a minimum value, RK1Min, measured in the quiescent state, and an asymptotic value, RK1Max, Table 1 . Numerical determinations were performed through a simulation procedure using a 600-msec BCL and a 300-msec activation time duration as was previously used in a corresponding experimental protocol. 9 In addition to these new time-dependent RK1 kinetics, based on previously reported results,9 we also assumed that threshold alters by repetitive stimulation according to similar kinetics. Threshold changes were included in the model by assuming that J, that is, the difference between threshold and resting membrane potential, can vary between a maximum value, JMz,, measured in the quiescent state The coefficients a, /3, and 8 were set to mimic the time course of changes in the current-voltage relations observed experimentally (see Figure 2 of Reference 9). All values are listed in Table 1 .
